The recent discovery of a 3Ј→5Ј nuclease activity as-* Department of Biology sociated with a number of eukaryotic and prokaryotic † Department of Chemistry RNA polymerases has raised the possibility that this University of Oregon nuclease may serve a postincorporation editing function Eugene, Oregon 97403 analogous to the exonuclease activity of DNA polymerases. The RNA cleavage activity, although thought to be intrinsic to the polymerase, is greatly stimulated by Summary polypeptides that associate with the polymerase: GreA and GreB for E. coli RNA polymerase and SII (or TFIIS) We have addressed whether the intrinsic 3→5 nufor eukaryotic RNA polymerase II (pol II) (reviewed by clease activity of human RNA polymerase II (pol II) can Reines, 1994) . proofread during transcription in vitro. In the presence SII was originally identified and purified on the basis of SII, a protein that stimulates the nuclease activity, of its ability to stimulate transcription by pol II in a propol II quantitatively removed misincorporated nucleomoter-independent assay (Nakanishi et al., 1981) . Subtides from the nascent transcript during rapid chain sequently, SII was found to enable pol II to resume elonextension. The basis of discrimination between the gation following transcription arrest, a state in which the correct and incorrect base was the slow addition of RNA polymerase remains associated with the template the next nucleotide to the mismatched terminus. Inand nascent RNA but fails to polymerize nucleotides corporation of inosine monophosphate inhibited next (Reines et al., 1989; Wiest et al., 1992) . Studies of the nucleotide addition by a similar magnitude as a mismechanism by which SII acts on arrested pol II led to matched base. We used this finding to demonstrate the discovery of the RNA cleavage activity (Izban and that addition of SII to a transcription reaction dramati-
. Misincorporation of GMP Is Slower than Incorporation of AMP (A) Elongation complexes stalled at position ϩ43 were incubated with 1 mM GTP at 30ЊC. Samples of the reaction were stopped at the indicated times. The ϩ41 RNA was a product of the intrinsic cleavage activity of pol II, which was observed in all reactions with sufficiently long incubation times. (B) The amount of ϩ44 RNA was plotted as a function of time and the data fit to a single exponential equation. The reaction was considered complete when RNA levels were maximum; other data are expressed as fractions of the maximum amount. (C) Elongation complexes stalled at position ϩ43 were incubated with 50 M ATP at 21ЊC. The ϩ41 RNA was not observed in this experiment because of the short incubation time.
(D) Quantitation of the experiment of (C), plotted as a function of time and fit to a single exponential curve.
of the correct and incorrect base at that position. We
In the experiment of Figure 1 , extension of the RNA to ϩ44 did not appear to go to completion when judged chose to misincorporate a G at positions requiring an A to minimize the possibility that bases resulting from by the amount of complexes remaining at ϩ43. However, the ϩ44 RNA contained about 85% of the radioactivity spontaneous deamination of A and C (inosine and uridine, respectively) would "correctly" pair at the position originally present at ϩ43, suggesting that most of the ϩ43 RNAs had been extended. We found that the pulseof an intended mismatch. Also, our method for analyzing the base content at the misincorporation position took chase protocol always produced two complexes, apparently containing RNAs differing in length by one base advantage of the specificity of RNase T1 for Gs (see below). Figure 1 illustrates a representative experiment in analyzed on a polyacrylamide gel ( Figure 1A ). The complete in less than 4 s. We therefore lowered the a Kinetics measured for underlined base.
temperature to 21ЊC to allow accurate measurement of b Data collected at 30ЊC, 1 mM GTP.
the rate ( Figures 1C and 1D ). The calculated rates of c Data collected at 21ЊC, 50 M ATP.
incorporation for both nucleotides are listed in Table   d Calculated from measurement at saturating concentrations of the rate of correct base incorporation is at least 500-ND, not determined.
fold faster than that of the incorrect base at this position.
(e.g., ϩ43, ϩ42 in Figures 1A and 1C ), when we walked the polymerase on this template and related templates with the same upstream sequence. These two complexes behaved identically in response to subsets of nucleotides, suggesting that the sequences of the 3Ј ends of the RNAs were the same. In the experiment of Figure 3 , discussed below, we demonstrated that this conclusion was correct. Thus, when the shorter RNAs were extended by one base, they migrated to the same position as the ϩ43 RNA. We believe that the second complex was due to polymerase slippage in response to the extremely low levels of nucleotides (Ͻ1 M) used during the labeling reaction. A similar phenomenon has also been observed for pol III elongation complexes formed under similar conditions (Dieci et al., 1995) . We have determined that the slippage occurs between positions ϩ22 and ϩ35 (data not shown) but have not attempted to elucidate the mechanism.
Misincorporations Inhibit Addition of the Next Nucleotide
Proofreading following insertion of an incorrect base requires that the polymerase have a mechanism to detect that an error was made. Studies of DNA polymer- (Donlin et al., 1991; Goodman et al., 1993 ). To determine Complexes were then reisolated and incubated with 10 M CTP. The amount of extended RNA was quantified and plotted as a function of whether a similar mechanism could operate during elontime.
gation by pol II, we measured the rate of addition of the (B) The rate of CMP incorporation at ϩ45 after AMP (circles) or next nucleotide onto a misincorporated base.
incorrectly incorporated GMP (squares) was measured at 10 M Elongation complexes that contained either an A or CTP on template pMIS. The ϩ45 RNA was quantified, and the data a misincorporated G at the 3Ј end of the RNA were were plotted as a function of time. To determine the rate of CMP isolated and then incubated with the next nucleotide, incorporation after a G, the data were fit to a double exponential equation, using a rate of 0.075 for addition to the fraction of RNAs which on template pDS#4 was CTP. Figure 2A shows (0.65) with A at ϩ44. data from a single rate determination at 10 M CTP. The data did not fit a single exponential but instead appeared to be biphasic. Below we show that the condishowed that those complexes also contained a mixture tions of the misincorporation reaction produced a mixed of both correct and incorrect 3Ј terminal nucleotides. population of RNAs with about half containing a G and With this information, we fit the data of Figure 2B with the other half an A at the 3Ј end. The ATP must have been a double exponential function, using the measured vala contaminant in the commercially prepared, ultrapure ues for the ratio of incorrect and correct RNAs and the GTP, because in parallel reactions in which isolated rate of addition of the next nucleotide to the correct 3Ј elongation complexes were incubated without GTP, no end. This procedure was repeated at three additional extension of the RNA was observed (data not shown).
CTP concentrations and the data used to calculate the In control reactions, incorporation of CMP after AMP kinetic constants listed in Table 1 . Based on that analywas extremely fast (data not shown); therefore, both the sis, the rate difference between addition to a correct rate and extent of the fast phase of the reaction of and incorrectly paired base at this position was about Figure 2A were consistent with the expected kinetics of 5-fold. addition of C to a 3Ј terminal A. The rate of nucleotide addition in the slow phase, almost certainly due to extenComplexes Formed under Misincorporation sion after the misincorporated G, was at least 15-to 20-Conditions Contain Both Correct fold slower than to the correct base.
and Misincorporated Bases Flanking sequences are known to influence the rate Interpretation of our results required demonstration that of incorporation by DNA polymerases (Mendelman et G misincorporation had occurred. We expected that the al., 1989, 1990) , and the magnitude of the effect might identity of the terminal base would not significantly alter depend on template position for pol II as well. We, therethe electrophoretic mobility of the intact RNAs (Ͼ40 fore, measured the rate of next nucleotide addition after bases long). However, the mobility difference could be a misincorporated G using a template (pMIS) that differs enhanced by separating small RNAse digestion prodin sequences surrounding the test position (see Experiucts (Ͻ10-mer) on high percentage acrylamide gels. Our mental Procedures). Although the incorporation kinetics experimental strategy is outlined in Figure 3A . in the experiment of Figure 2B were not obviously biphasic, analysis of the RNA synthesized on that template
For this analysis, we incorporated radioactivity only In separate reactions, the RNA was incubated either with ATP or GTP to extend the transcript to ϩ43. These complexes were isolated, and the RNA was either digested with RNase T1 and analyzed to detect and measure the amount of misincorporated GMP or chased to longer lengths followed by digestion to assay proofreading efficiency. The small arrows represent sites of RNase T1 cleavage; the open arrow is a cleavage site when the base at that position is a G; the stars represent radiolabeled UMP residues; and N is the base at ϩ43, either A or G.
(B) Autoradiogram of a representative RNase T1 analysis of RNA containing a misincorporated nucleotide. Identities of the digestion products are shown. All RNAs were gel purified prior to RNase T1 digestion. RNAs analyzed in lanes 1-4 were synthesized on a control template (pMIS-3G) that encodes a G at ϩ43. Lanes 5-7 contained digestion products of reactions with template pMIS-3 in which AMP was incorporated at position ϩ43. Lanes 8-11 contained digestion products of misincorporation reactions. RNAs in lanes 1, 2, 5, 6, 8, and 9 were analyzed following incorporation of the nucleotide at ϩ43. RNAs in lanes 3, 4, 7, 10, and 11 were chased to full-length by addition of NTPs at 500 M. The markers were radiolabeled, chemically synthesized RNA oligos of known sequence (5ЈACAAUCUUUUU and 5Ј UUCCCCCC). (C) The experiment shown in panel (B) was quantified and the fraction of each RNA oligo observed in the reactions of lanes 8-11 was plotted.
near the 3Ј end of the RNA to simplify the pattern of and, therefore, that the sequence variation that resulted in the mobility difference occurred at a more upstream RNase digestion products. After 3Ј labeling, complexes were in position either to incorporate an A or to misincorposition.
The products of digestion of RNA from the misincorporate a G at position ϩ42 on template pMIS3. Complexes were prepared in a similar manner on a control poration reaction are shown in Figure 3B , lanes 8 and 9. The two major products comigrated with the two template (pMIS3-G) that specifies a G at ϩ42. We then digested the RNA with RNase T1, which selectively cuts control 7-mers containing either an A or a G. This experiment clearly showed that some of the elongation comafter G residues and should release a 7-nt 3Ј terminal fragment. This fragment was the largest labeled fragplexes had indeed misincorporated GMP but that a fairly large fraction contained AMP. The RNA that migrated ment expected upon complete RNase T1 digestion of the 42-nt RNA.
just behind the expected 7-mers in lane 8 originated from complexes that contained an A at ϩ42 but had read In the experiment of Figure 3B , RNAs were gel purified prior to T1 digestion. As in the experiment of Figure 1 , through that position and added the next nucleotide, C. We verified that assignment by walking the polymerase we observed two RNAs of different lengths that behaved as though they had the same 3Ј end; these were isolated to that position, digesting the RNA with T1, and showing that the 3Ј oligo comigrated with the one formed under separately and designated RNA1 (lower mobility) and RNA2. The products of the RNase T1 digestion of control misincorporation conditions (data not shown). When the amount of this longer oligo is included in our calculaRNAs containing a 3Ј G (lanes 1 and 2) or a 3Ј A (lanes 5 and 6) are shown in Figure 3B . The positions and tions, about half the complexes were found to have correctly incorporated an A ( Figure 3C ). sequences of the most prominent digestion products are shown to the side of the autoradiogram. The 7-mers containing G or A at ϩ42 were clearly resolved on this Pol II Proofreads in a Postincorporation Manner T1 analysis of the RNA allowed us to test directly whether gel. In addition, this analysis showed conclusively that the last seven bases of RNA1 and RNA2 were identical pol II would remove the misincorporated base when the RNA was chased to longer lengths. The next G in the RNA sequence is three bases downstream of the misincorporation position; therefore, a 10-mer was expected upon T1 digestion following extension of the correct RNA. Extension of the RNAs containing a misincorporated or an encoded G should result in a 7-nt T1 digestion product containing a 3Ј phosphate group. This 7-mer should migrate differently than the 7-mer arising from digestion of unextended RNA, which will have a 3Ј hydroxyl. Thus, we could compare the fraction of RNA containing a G at ϩ42 both before and after extension to determine whether the polymerase could proofread and whether SII stimulated this activity.
In the reactions shown in lanes 3, 4, 7, 10, and 11 of Figure 3B , we incubated the ϩ42 complexes with all four nucleoside triphosphates at 500 M, conditions where the extension of RNAs with correctly paired termini was too rapid to measure manually. The expected 10-mer was observed following digestion of the extended, correct RNA (lane 7). Digestion of the control RNAs containing an encoded G at ϩ42 (lanes 3 and 4) allowed us to identify the expected 7-nt product. The presence of the 3Ј phosphate group was verified by quantitation of the different T1 products in lanes 8 and 9, approximately 50% of the RNAs contained a G at ϩ42 before being chased ( Figure 3C ). Following the chase following the chase reactions, we could not exclude the in the absence of SII (lane 10), we observed a modest possibility that the apparent proofreading was due to decrease in the amount of RNA oligo containing a misinthe failure of the G-containing RNAs to be extended. corporated G (to 35% of the total; Figure 3C ); chasing
In the above experiment, we showed that we are able in the presence of SII (lane 11) reduced the amount of to separate and quantitate oligos corresponding to all that oligo to background levels (about 6%; Figure 3C ).
four RNAs of interest: the extended and unextended In this and similar experiments, RNA from the reaction RNAs containing either an A or G at ϩ42. Thus, in the containing SII was less radioactive, presumably beexperiment of Figure 4 , we analyzed total RNA to detercause some of the label, which was concentrated near mine simultaneously the A:G ratio at ϩ42 for RNAs that the 3Ј end, was removed by SII-mediated cleavage.
failed to extend as well as for those that chased to longer However, even when we have compensated for this by lengths. Lane 1 contained the products of a T1 digest loading more RNA corresponding to that reaction, we of RNAs generated using misincorporation conditions. have never detected the oligo diagnostic of the misinThe identities of the major bands are indicated. In the corporated G following RNA extension in the presence reaction of lane 2, chase nucleotides were added to the of SII (e.g., Figure 4 ). We concluded from these experi-RNA in the absence of SII. As expected, we observed ments that the misincorporated G was nearly quantitaa 10-mer containing A at ϩ42 and a 7-mer containing tively removed from the transcripts in the presence of misincorporated G. Only a few complexes, approxi-SII and was removed from some of the transcripts even mately 5%, failed to chase at all, and the fraction of in the absence of SII.
correct and incorrect RNAs that failed to chase was nearly equal. These results do not support the idea that the apparent proofreading observed in the experiment RNAs with Both Correct and Incorrect 3 Termini Were Efficiently Extended of Figure 3 was caused by the inability of the mismatch RNA to be extended. Indeed, we saw no evidence that E. coli RNA polymerase arrests following incorporation of a mismatched base, and this arrest is thought to be either type of complex arrested at a significant frequency under these conditions. essential to the mechanism of proofreading (Erie et al., 1993) . In the experiment of Figure 3 , we gel-purified the The reaction of Figure 4 , lane 3 was identical to that in lane 2 except that SII was present during the chase RNAs before digesting them with RNase T1 to facilitate the unambiguous identification of the various digestion reaction. As in the experiment of Figure 3 , we did not observe the UCCUUCGp oligo under these conditions, products. Because we analyzed only the full-length RNA demonstrating that the misincorporated G was efficiently removed during the chase to full length. In this reaction, we did observe what appeared to be a small increase in complexes that did not chase under these conditions. Although these oligos represent only a minor fraction of the total RNAs, this result was nevertheless unexpected, because SII typically stimulates arrested complexes to resume elongation. Analysis of the undigested ϩ42 RNAs confirmed that only a very small fraction of the stalled complexes (Ͻ3%) remained after extension in the presence of SII, whereas a slightly larger fraction (about 5%) did not extend in the absence of SII (data not shown). This strongly suggested that the oligos migrating with the 7-mers in Figure 4 , lane 3 did not originate from T1 digestion of RNAs that failed to extend. One possibility is that they were products of the SIIstimulated cleavage activity. If so, they may have arisen 
the Addition of the Next Nucleotide
The results presented so far support the conclusion that Kms and the maximum rates of incorporation were similar pol II can proofread the nascent RNA and that the slow for these two nucleotides, showing that, at least at the addition of the next nucleotide to a mismatch is a likely tested position, pol II incorporates G or I equally well. mechanism of discrimination between the correct and We then measured the rate of incorporation of the incorrect base. The experiments leading to these connext nucleotide, UMP, to an RNA chain containing either clusions entailed stalling the polymerase in order to GMP or IMP at the 3Ј end. In this case, we observed a force misincorporation at a defined position. We wanted large difference. Table 1 summarizes the kinetic conto be able to observe transcriptional proofreading withstants obtained from Michaelis-Menten plots of these out the necessity of stopping and restarting the polymerdata. At the position tested, the rate of addition of UMP ization reaction. To do this, we examined the possibility to an RNA chain ending in IMP was approximately 20-of using the nucleotide inosine triphosphate (ITP) to fold slower at saturating UTP than to an RNA chain simulate misincorporations. ending in GMP. Together, these data showed that, while Inosine forms a Watson-Crick base pair with cytosine, the polymerase readily incorporates IMP, the presence but dI:dC base pairs are weaker than any of the canoniof this nucleotide inhibits the addition of the next nucleocal base pairs and are only slightly tide in a manner similar to a misincorporation. This result more stable than some mispairings (e.g., dG:dT, dA:dC)
suggests that ITP can be used to investigate postincor- . DNA polymerase I Klenow fragporation nucleotide discrimination and removal during ment has been shown to dissociate from the DNA more steady-state production of RNA. readily following either a dIMP or misincorporation than following a correctly paired base (Abbotts et al., 1988;  ITP Greatly Inhibits Pol II Elongation Joyce, 1989 ). In addition, Matsuzaki et al. (1994) found To investigate elongation by pol II in the presence of that yeast RNA polymerase III pauses after incorporation ITP, we used a defined transcription system consisting of IMP, consistent with the possibility that the next nuof purified calf thymus pol II, a dC-tailed template, and cleotide is added slowly to a 3Ј IMP. Together, those purified recombinant SII and/or TFIIF. With this highly studies suggested that pol II might function similarly in purified system, we did not observe transcripts longer response to either a misincorporation or an rI:dC base than about 10 nucleotides under any conditions when pair at the 3Ј end of the RNA.
only ITP, ATP, CTP, and UTP were present (data not To test this idea directly, we first measured the rates shown). Addition of a trace amount (2.5 M) of GTP to of incorporation of GMP and IMP at the same position reactions containing 1 mM ITP restored transcriptional on template pPCDS#3T at four different nucleotide conactivity by pol II. This observation contrasts with previcentrations. The data from these assays were quantified, ous work on E. coli RNA polymerase, which has been plotted, and fit to a single exponential curve to obtain the reported to elongate efficiently in the presence of ITP rate of incorporation at each nucleotide concentration with only alterations in pausing sites (Levin and Cham-(data not shown). These rates were then plotted versus berlin, 1987). ITP or GTP concentration to obtain the kinetic constants Figure 5A shows the results of an experiment comparing transcription reactions containing either GTP or a listed in Table 1 . We observed that both the apparent mixture of ITP and GTP. The reactions in the first four processive elongation in the presence of SII. TFIIF enlanes illustrate the typical effects of adding SII or TFIIF hanced the rate and the extent of elongation but did not to a transcription reaction with purified pol II in the abinterfere with the SII-mediated replacement of IMP with sence of ITP on a template that contains the major late GMP. The results imply that, even in the presence of arrest site . In the absence of either TFIIF, multiple iterations of IMP removal and reextension factor, pol II arrested with high efficiency (70%-80%) at to achieve an infrequent incorporation of GMP at some the arrest site (lane 1). In the presence of SII alone, pol positions was more efficient in producing longer RNAs II read through the arrest site, and full-length transcripts than adding nucleotides to the incorporated IMP. accumulated (lane 2). TFIIF added alone had only a small effect on the amount of readthrough (lane 3), but when Discussion TFIIF was added with SII, the transcripts were more efficiently elongated (lane 4 vs. lane 2). In the presence
The experiments presented here directly demonstrate of ITP, only short RNAs were synthesized by purified that pol II, in combination with SII, is capable of selecpol II (lane 5), and the addition of TFIIF by itself appeared tively removing misincorporated nucleotides from the to have no effect (lane 7). However, when SII was innascent RNA chain during transcription elongation. We cluded in the reaction, longer RNAs were produced, also observed a low but reproducible level of transcript including a significant amount of run-off transcripts (lane editing in the absence of SII, presumably due to the 6). TFIIF stimulated production of longer RNAs when SII intrinsic nuclease activity of pol II. Discrimination bewas also present (lane 8). We observed similar results tween the correct and incorrect base was apparently with a promoter-dependent assay using nuclear extract achieved by the slow addition of the next nucleotide (data not shown).
to the mismatched base. In addition, we showed that Based on our kinetic analyses of IMP addition and misincorporation of a G in place of an A was inefficient extension, we concluded that inefficient transcription in and very slow. In all these respects, the behavior of pol the presence of ITP was due to the very slow addition II is reminiscent of that of DNA polymerases, and we of nucleotides to 3Ј IMP. In that case, the enhanced therefore propose that pol II uses mechanisms similar efficiency of elongation in the presence of SII would to those described for DNA polymerases to enhance the likely be due to SII-stimulated removal of IMP residues, fidelity of RNA synthesis both pre-and postincorpoallowing occasional incorporation of GMP and rapid adration. dition of the next nucleotide. That interpretation is consistent with the ability of SII to relieve the inhibiting effects of ITP only if GTP was also present, albeit at low Discrimination between Correct concentration. A prediction of this proposed mechanism and Incorrect Bases would be that RNA synthesized in the presence of SII In generating misincorporations for this study, we obwould contain a higher proportion of Gs than RNA synserved a kinetic basis for preincorporation discriminathesized without SII. tion of substrates. Presumably, the slow addition of a mispaired base to the RNA chain allows exchange by SII Stimulated Removal of IMP the correct base, which is then rapidly added. Studies from Nascent Transcripts of DNA polymerase fidelity have shown that insertion of To confirm that the base content of the RNA was altered the incorrect base generally proceeds with both a lower by SII, we isolated the RNAs produced under each of V max and a higher Km than observed for the correct base the conditions of Figure 5A . The RNAs were digested at the same position (Kuchta et al., 1988 ; Mendelman with RNase T2 and the products resolved by thin layer Donlin and Johnson, 1994) . Interpretation chromatography. When RNase T2 cleaves the RNA of these kinetic constants in terms of a mechanism can chain, the 5Ј phosphates are transferred to the upstream be complex, however. We did not measure the relative nucleosides, allowing detection of all the "nearest neigh-K m s for insertion of a G versus an A, but the estimated bor" nucleosides 5Ј of a 32 P-labeled nucleotide (UMP, 500-fold reduction in V max when G was misincorporated in our case). Figure 5B is an example of an analysis of by pol II was within the range reported for insertion of transcripts synthesized by purified pol II in the presence a dG opposite a dT by DNA polymerases (Kuchta et or absence of recombinant SII and TFIIF. The control al., 1988; Mendelman et al., 1989; Donlin and Johnson, reaction containing GTP and no ITP is shown in lane 1; 1994) . The difficulty of inserting an rG opposite a dT as expected, none of the radioactivity comigrated with was further illustrated by our finding that about half of IMP. In reactions containing 1 mM ITP and 2.5 M GTP the transcripts extended in the presence of 1 mM GTP (a 400:1 ratio of ITP to GTP), we observed incorporated contained a correctly inserted A at the misincorporation IMP but no detectable GMP, either in the absence (lane position. This result likely reflects a higher K m for G 2) or the presence (lane 4) of TFIIF. When the transcripts compared to A at this position, in addition to the Vmax were synthesized in the presence of SII, however, both effect. GMP and IMP were detected (lanes 3 and 5) . In this A G-T mismatch during DNA synthesis is thought to experiment and others of this type, the incorporated form a wobble pair, which can fit into the helix but vio-IMP:GMP ratio ranged from about 10:1 to 14:1 in the lates Watson-Crick geometry. In contrast, the I-C pair, presence of SII. Thus, SII biased the incorporation of which is about as stable as the G-T pair, does have GMP over IMP by a factor of about 30-40 relative to
Watson-Crick geometry. The incorporation of IMP with nucleotide pool sizes. This experiment thus demonthe same K m and V max as GMP suggests that Watsonstrated that a substantial amount of removal and replacement of IMP with GMP occurred during normal Crick geometry might be more important for correct misincorporations cause rate reductions on the order of 2-to 10 4 -fold, depending on the polymerase, the type of assay, and the particular mismatch (Kuchta et al., 1988; Mendelman et al., 1990; Wong et al., 1991) . As has also been shown for DNA polymerases, we found that the surrounding sequences influenced the rate with which pol II added the next nucleotide to either a correct or incorrect base.
To address directly whether the rate of RNA extension following a mismatch was sufficiently slow to allow nucleolytic removal of the mismatched base, we extended the RNAs in the presence of nucleotide concen- intrinsic cleavage activity might be sufficient for efficient editing when the particular mismatch or surrounding base selection than base pair stability, as also appears sequence slowed nucleotide addition even more than to be true for DNA polymerases and E. coli RNA polymerfor the case we examined. ase (Chamberlin, 1974; Echols and Goodman, 1991;  As a further test of the ability of SII to promote proof- Wong et al., 1991) .
reading during transcription, we sought a method with which we could directly demonstrate that misincorpoError Detection and Proofreading rated bases were removed from multiple positions durWhen we began this work, it was known that the SIIing steady-state transcription elongation. We found that stimulated RNA cleavage activity of pol II could remove a 3Ј IMP reduced the rate of next nucleotide addition nucleotides from a correctly paired 3Ј end and, therecompared to a GMP; the magnitude of this effect was fore, was assumed to be able also to remove a miswithin the range we would expect for a misincorporation, matched base. To demonstrate convincingly that this based on our studies of misincorporated GMP. IMP was exonucleolytic activity could function in transcript editeasily incorporated by pol II and was inserted with the ing, it was essential both to identify a mechanism for same K m and V max as GMP at the same template position. discrimination between the correct and incorrect nucleThese characteristics suggested that we could use inotide and also to demonstrate that the removal of the corporated IMP to simulate a situation in which pol II incorrect base could happen rapidly enough to effect made many errors during transcription. Using this methediting during steady-state transcription elongation. We od, we showed that inclusion of SII in the elongation have accomplished both of those objectives in this reaction dramatically altered the base content of the study.
RNA, resulting from the replacement of a significant We found that pol II adds the next nucleotide to a fraction of the IMPs with GMP. Under the conditions of mismatch more slowly than to the correct base, providthose experiments, with ITP present in 400-fold excess ing a kinetic basis for mismatch discrimination (Figure of GTP, proofreading was essential for production of 6). The behavior of pol II following incorporation of a full-length transcripts. Inclusion of TFIIF restored rapid mismatch is consistent with the kinetic partitioning modtranscription without interfering with replacement of IMP els proposed for proofreading DNA polymerases (Donlin with GMP. This model system thus demonstrated conet al., 1991; Echols and Goodman, 1991; vincingly the ability of SII to stimulate mismatch removal al., 1993). According to such models, the relative rates during transcription. of nucleotide excision and forward polymerization at each position determine whether the last inserted nucleotide is removed before the chain is extended. By slowComparison to Other Studies A variation on the kinetic partitioning model was proing the rate of next nucleotide addition, a misincorporation increases the probability that the exonuclease will posed by von Hippel and coworkers as a mechanism for transcriptional proofreading by E. coli RNA polymerhave time to act. For some or all DNA polymerases, the rate of nucleolytic excision may also be enhanced for a ase in vitro (Erie et al., 1993) . They found that misincorporation of U in place of C caused E. coli RNA polymermisincorporated base, relative to the correctly paired base (Kuchta et al., 1988; Donlin et al., 1991) .
ase to form arrested complexes. In the presence of elongation factor GreA, which is thought to be a funcThe kinetic effects on next nucleotide addition observed for pol II are similar in magnitude to those meational homolog of SII, cleavage of the RNA in "unactivated" elongation complexes removed the misincorposured for DNA polymerases. Specifically, we found that an rG:dT mismatch was extended 5-to 20-fold more rated base and restored transcription activity. This mechanism, which was dubbed the "kinetic trap" model, slowly than an rA:dT base pair at the same position. This value is comparable to that observed for the extension of represents the extreme case of the kinetic partitioning model in that addition of the next nucleotide to the misa dG:dT mispairing compared to a normal dA:dT pair for DNA polymerase ␣ (Mendelman et al., 1990 ). Other match is not just inhibited but is irreversibly blocked. In contrast, we were able to demonstrate that arrest was level of proofreading intrinsic to the polymerase may be sufficient to maintain viability under normal growth not required for proofreading by pol II, because in our experiments a misincorporated G did not increase the conditions but not under conditions that promote an abnormally high level of transcriptional errors. Consistendency of pol II to arrest, even after prolonged incubations. Similarly, we found that, at least at the specific tent with this hypothesis, changes in deoxynucleotide pools can cause an increased frequency of mutations positions tested, incorporation of IMP at the 3Ј terminus also did not increase the frequency of arrest (data not during DNA replication (Kohalmi et al., 1991) . Alternatively, the lethal phenotype observed in ⌬ppr2 cells may shown). Although proofreading does not require that pol II assume a stably arrested conformation, we neverthereflect an altered response to regulatory signals, general suppression of transcription, or an increased frequency less imagine that incorporation of a mismatched base increases the time that pol II spends in one or more of arrest. None of these possibilities excludes an additional role for SII in proofreading, however. conformations in which the 3Ј end of the transcript is not aligned properly in the polymerization active site. This could be due either to movement of the 3Ј end to TFIIF and SII Collaborate to Optimize a second binding site on the RNA polymerase, in analogy Speed and Accuracy to DNA polymerases, or to reversible backward sliding Our results suggest that the efficiency of transcriptional of the RNA polymerase along the transcript (Reeder and proofreading in a given cell or tissue type could be reguHawley, 1996; Komissarova and Kashlev, 1997; Nudler lated by changes in the intracellular concentration of et al., 1997).
SII. Although SII is ubiquitous (Tamura et al., 1980) , an Although we did not determine whether the rate of isoform expressed in the testes appears to be regulated cleavage of nascent transcripts was enhanced by the (Umehara et al., 1997) . Elevated levels of SII activity mismatched base, work from the Agarwal laboratory might be expected to slow the overall rate of elongation suggests that a mismatched 3Ј terminus may be excised if pol II spent an excessive amount of time removing more rapidly in the presence of SII than a correctly paired correct as well as incorrect nucleotides. Indeed, mutant end (Jeon and Agarwal, 1996) . This would be expected DNA polymerases with elevated proofreading capability to further enhance the selectivity of mismatch removal.
can exhibit impaired ability to function in genome repliHowever, the experimental system used by those invescation (Lo and Bessman, 1976) . Consistent with this, we tigators was very different from ours, in that the temhave observed that SII added at high concentrations plates were RNA-DNA "dumbbell" structures. In that does slow the production of long transcripts in vitro; assay, the polymerase must bind the dumbbell from addition of TFIIF overcomes this effect (data not shown). solution and correctly position the RNA primer-template Perhaps an appropriate balance between speed and before it can carry out the cleavage or extension reacaccuracy during transcription is achieved through a coltion. Thus, the rates measured for both cleavage and laboration between SII and TFIIF. TFIIF stimulates the extension will contain a contribution from polymerase elongation rate about 2-fold in vitro in both single nuclebinding, which may differ depending on whether the otide addition assays (M. J. T., unpublished observadumbbells contain matched or mismatched 3Ј base tions) and in transcription run-off assays (Bengal et al., pairs. 1991) . This modest enhancement of the rate of RNA polymerization may be able to mitigate the effect of high concentrations of SII on elongation without significantly Possible Functions of SII In Vivo reducing transcription fidelity. The experiments in which Our results showed that SII stimulates proofreading of IMP was incorporated in the RNA dramatically demonthe nascent RNA during normal processive elongation strated this possibility. The inclusion of SII in the tranin vitro. Whether proofreading occurs in vivo remains scription reactions with ITP was only partially able to an unanswered question, however. The physiological overcome the inhibitory effects of ITP on the transcripfunction of SII is also not known. SII has been shown to tion rate and extent, even though significant amounts induce arrested pol II complexes to resume elongation of IMP were removed from the RNA and replaced with in vitro and may perform a similar function in vivo, gener-GMP. Similarly, TFIIF was ineffective at increasing the ally aiding arrested polymerases or acting at specific extent of transcription when added alone. In the pressites to regulate gene expression (Aso et al., 1995; Shi- ence of both SII and TFIIF, however, transcripts were latifard et al., 1997). However, arrest has not yet been rapidly extended to full-length with no decrease in proofdemonstrated to occur in vivo, and it is currently unclear reading. These results, along with recent evidence that how the action of SII could be targeted to specific genes. the activity of another transcription elongation factor, In the yeast Saccharomyces cerevisiae, the gene encodelongin, is regulated in mammalian cells (Shilatifard et ing the homolog of SII (PPR2) is nonessential under most al., 1997), suggest that the rate and fidelity of transcripgrowth conditions (Archambault et al., 1992) . However, tion by pol II may both be carefully controlled in eukaryppr2 deletion strains are more sensitive than wild-type otic cells. cells to 6-azauracil and mycophenolic acid, both of which lower the intracellular concentrations of GTP (Ex-
Experimental Procedures
inger and . Mutant strains are able to Promoter-Dependent Transcription grow on 6-azauracil if guanine is added to the medium, DNA templates were attached to strepavidin agarose beads through demonstrating that the growth defect in the absence of a biotin linkage as previously described ; 6 g the PPR2 gene is related to the GTP pool. This pheno-DNA per 200 l of packed beads was used. Templates containing type is at least consistent with a role for SII in proofreadthe adenovirus major late promoter differed only in the transcribed sequence from ϩ10 to ϩ50. The DNA sequence surrounding the ing in vivo. For example, in the absence of SII, the low positions at which kinetics were measured (underlined) is as follows:
RNase T2 Digestion An equal amount of RNA from each reaction was resuspended in pMIS, ATCCTCTACAGT; pDS#4, GATCACGT; pMIS-3, GTCCTTCAC AGT; pMIS-3G, GTCCTTCGCAGT; pDS#3T, ATCCTCTAGTGTC.
TE and passed though a P-10 spin column to separate RNAs from unincorporated nucleotides. RNase T2 (5 units, Sigma) was incu-DNA beads were incubated for 60 min at 30ЊC with human cell nuclear extract (approximately 40-50 g protein/20 l reaction) in bated with each RNA at 37ЊC for 45 min. Reactions were spotted onto PEI-cellulose TLC plates and allowed to dry. Unlabeled NMPs extract storage buffer plus 10 mM MgCl 2 and 20 mM HEPES (pH 8.4). Nucleotides (25 M GTP, 100 M ATP, 100 M CTP, all Pharmacia were also applied to the plates to act as markers. Chromatograms were developed in 0.1 M NaH 2PO4 · H2O (pH 6.8), 1.8 M NH4S02, ultrapure quality, and 8.5 Ci/rxn [␣-32 P] UTP at 3000 Ci/mmol) were added for 2 min, followed by addition of EDTA to 20 mM. This 0.8% (v/v) propanol until the solvent front was 2 cm from the top. procedure produced elongation complexes stalled between 20 and 40 nt downstream of the promoter. These complexes were isolated
